Traditional urban-scale crowdsourcing approaches suffer from three caveats -lack of complete spatiotemporal coverage, lack of accurate information and lack of sustained engagement of crowd workers. In this paper, we argue that these caveats can be addressed by embedding crowdsourcing tasks into the daily routine of mobile workforces that roam around an urban area. As a use case, we take the bpost who deliver the letters and parcels to the citizens across entire Belgium. We present a study that explores the behavioural attributes of these mobile postal workers both quantitatively (6.3K) and qualitatively (6) to assess the opportunity of leveraging them for crowdsourcing tasks. We report their mobility pattern, workflow, and behavioural traits which collectively inform the design of a purpose-built crowdsourcing solution. In particular, our solution operates on two key techniques -route augmentation, and on-wearable interruptibility management. Together, these mechanisms enhance the spatial coverage, response accuracy and increase workers' engagement with crowdsourcing tasks. We describe these principal components in a wearable smartwatch application supported by a data management infrastructure. Finally, we report a first-of-its-kind real-world trial with ten postal workers for two weeks to assess the quality of road signs at the city centre of Antwerp. Our findings suggest that our solution was effective in achieving 89% spatial coverage and increasing response rate (83.6%) and accuracy (100%) of the crowdsourcing tasks. Although limited in scale, these and the rest of our findings highlight the way of building an efficient and purposeful crowdsourcing solution of the future.
INTRODUCTION
With the emergence of the Internet of Things (IoT), local authorities increasingly use connected sensors to understand their cities in order to plan for the future societal, economic, and environmental well-being of their citizens. In the past few years, a number of cities have deployed diverse Internet of Things (IoT) systems in urban spaces that offer a quantitative view of the urban landscape (e.g., Noise, Air Pollution, Mobility, etc.). However,
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such systems fail to capture the qualitative aspects of the urban landscape including the relationship between the citizens and their cities.
In order to better understand the qualitative aspects of their cities, municipalities encourage their citizens to use crowdsourcing tools to provide information about the areas they live in and support a more sustainable habitat. Through crowdsourcing, user-generated content can be collected and analyzed to identify and address problems urban areas face. The rise of location-based services and the widespread use of mobile devices makes such citizen participation more feasible and accessible [17] . In addition, companies such as Gigwalk 1 , FieldAgent 2 and TaskRabbit 3 pay users to perform tasks such as price checks, audits, etc. In order to motivate people to participate in information collection, such mechanisms may provide monetary incentives to people for each task they complete.
Traditional approaches to urban mobile crowdsourcing suffer from three major problems. Because participation is voluntary, the citizens mostly contribute information at times/ locations that are convenient to them. This leads to the lack of spatiotemporal coverage where most of the data is collected in highly populated areas like city centers at busy hours. The volume of data associated with suburban areas and off-hours is, on the other hand, much smaller. Another issue of mobile crowdsourcing is the lack of accuracy in the collected information as there is no way of inspecting the users' input. As a result, these systems cannot guarantee the quality of the data. Finally, such systems have to deal with the lack of sustained engagement where workers exhibit early enthusiasm but lose interest and drop out over time. This leads to only a small group of workers completing a large portion of the tasks [33] , and potentially, to a bias in the collected data.
We argue that mobile workforces that roam around the city (and the country in the larger scale) can overcome all these issues if crowdsourcing tasks are embedded into the daily routines of the workers. As a case study, we take workers of Belgian Postal Services, bpost, that collectively traverse the entire country to deliver letters and parcels. bpost employs the largest payroll in Belgium including postal workers that deliver letters, packets, and parcels to the 4.7 million households across the country. These workers go on 9200 mail rounds, delivering up to 9 million items every day 4 .
Since a workforce such as that of bpost roams around the entire country every day, utilizing them can address the coverage problem. As the workers serve in the same rounds every day, they become very aware of what happens in the area they serve and they are able to grasp the perception of citizens. This enables them to accurately interpret qualitative phenomena and report it. By embedding these crowd-sourcing tasks to their daily rounds instead of collecting data from volunteers also ensures that data collection is sustained over time.
We present a study that quantitatively and qualitatively explores the behavioural attributes of bpost workforce. It includes an analysis of a dataset that reports information from more than 6300 postal workers delivering parcels to the households. In addition, we present a contextual study of six workers to assess opportunities in their behaviour for crowdsourcing tasks.
Our analysis of their mobility pattern, workflow, and behavioural attributes suggest that postal workers can engage with mobile devices to carry out crowdsourcing tasks without affecting their primary tasks of distributing items to citizens. However, in order to ensure complete coverage, it is essential to augment their routes with crowdsourcing tasks. In addition, workers often experience situational disabilities that may prevent them from using their devices. As a result, crowdsourcing tasks need to be presented to them at opportune moments when they are indeed available to provide answers to queries.
Based on our observations, we develop a purpose-built crowdsourcing solution that operates on two key techniques -route augmentation, and on-wearable interruptibility management. The former utilizes an efficient algorithm to embed a crowdsourcing task into workers' daily route optimally. The latter models spatiotemporal physical and conversational activities of a postal worker using multi-modal sensing on a smartwatch to identify opportune moments for engaging the worker with crowdsourcing tasks. Collectively, these techniques enhance the spatial coverage and increase the accurate response rate of crowdsourcing tasks presented to the postal workers at the right location at the right time. We then take this solution in a real-world trial with ten postal workers for two weeks in the city of Antwerp. Formal evaluation of our deployment shows that our tailor-made solution increases the spatial coverage of the tasks to 89% up from 48%, increases response rate up to 83% as opposed to 57% and most importantly, providing 100% accurate responses. We also observed the engagement to increase over time. We further qualified these quantitative findings with semi-structured interviews and reflected on workers experience and impression of such a solution. Although due to the small scale and limited participants, our results can not be considered conclusive, they carry profound design suggestions towards building a powerful crowd-sourcing solution of the future.
The rest of the paper is organized as follows: We present the related work in Section 2. Section 3 describes our study methodology and participants. Section 4 presents a qualitative and quantitative analysis of the behaviour of postal workers . We lay out our design considerations for our crowdsourcing solution based on the behavioural analysis and describe various components and the end-to-end system in Section 5. We then present the performance of different components and report the first-of-its-kind real-world study with postal workers for crowdsourcing in Section 6 and 7. We offer a reflection on the primary lessons that emerged from this study acknowledging its limitations in Section 8 before concluding the paper in Section 9.
RELATED WORK AND BACKGROUND
Monitoring various parameters, such as traffic, air quality, or noise, is an important source of information for local authorities to apply effective counter-measures if needed. While, to some degree, this can be done through a network of sensors distributed throughout the city, such an approach entails high costs particularly if one requires high spatial coverage, i.e. a dense network. With crowdsourcing, it is possible to leverage the ubiquity of the smart devices and use sensors on these devices to collect data. This intrinsically implies human participation as these the holders of the smart devices need to volunteer in data collection. Yet, the biggest advantage of a human in the loop, is that such spatial crowdsourcing approaches can also measure qualitative data.
One aspect of crowdsourcing, as formulated by Howe [16] , is to break down complex tasks into small bits that are easy to solve by humans [13] , even with only minimal contextual knowledge. Platforms like the Amazon Mechanical Turk (AMT) 5 enable programmatic access to a large crowd of human workers to solve tasks computers are not yet able to complete effectively. With mobile phones or smartphones being universally available, the idea of mobile crowdsourcing or spatial crowdsourcing is to take this approach into the real world and integrating a geospatial component to the task information, e.g., have the task be executed at a specific location [1, 5, 23] . Mobile crowdsourcing applications cover a broad range of use cases, from simple tasks like taking a picture of a specific location [1] , monitoring traffic 6 , helping with setting up furniture 7 , to maintaining network infrastructure in rural areas [19] .
The value of such systems is that it can sense both objective and subjective data. For example, the presence of a pothole [10] can be estimated by looking at accelerometer values, but the perceived quality of the road [40] can differ from such sensor-based assessment. However, certain aspects need detailed attention for the service to return useful results, which we address in the following
Scaling & Coverage
The spatial coverage of mobile crowdsourcing platforms ranges from a local university campus as for many research projects (e.g., [4, 5, 21] ), distinct cities, to country-wide or even worldwide deployment for some commercial platforms. While the service might be available in large areas, the actual spatial coverage by the crowd workers is a challenging aspect in mobile crowdsourcing. Members of platforms that only cover a large building [5] or a University Campus [21] do not need to take large detours for successful task completion. On a larger scale, responses to mobile crowdsourcing tasks are biased towards popular places at rush-hours due to various factors like the personal interest of the participants [37] , or their socio-economical status [41] . For example, the level of detail in Open Streetmap (OSM) data is usually much higher in urban areas than in rural areas [37] . However, many applications require an unbiased coverage, e.g., to get an overview after a disaster [27] . An analysis by Musthag et al. [33] on an active mobile crowdsourcing platform showed that a very small number of users (10%) of so-called super agents account for over 80% of the completed tasks. The platform under investigation used a pull-based task distribution model, which, although preferred by a majority of users [1] , means that users have to organize their tasks and routes themselves. One approach to achieving better spatial coverage and throughout the workers' base is to analyze the users' paths and push task requests that require only a minimal detour to the predicted path [6] [7] [8] . This increases the likelihood for successful task completion and increases fairness among the crowd workers.
In the context of smart cities, a series of projects have been deployed to investigate the usefulness of crowdsourcing or crowdsensing. FixMyStreet 8 , the PotholePatrol [10] , Nericell [32] , and CommuniSense [40] all focus on assessing the state of roads in order to repair them. Nericell [32] monitors traffic conditions such as congestions, or stop-and-go traffic, while SignalGuru [26] determines traffic signal patterns to support a continuous driving experience. CrowdOut [2] is a tool to report traffic related infringements and problems to local authorities, such as illegally parked cars, broken signs, and signals, or road quality in general. Ear-Phone [38] and NoiseTube [28] use mobile phones to measure noise levels and create a noise map of urban areas. Safecast 9 collects radiation and air-quality data from all over the world to form a transparent open-data platform. Ushahidi 10 is a platform introduced to map reports of violence in Kenya and has evolved into a large platform for citizen participation.
Motivation & Incentives
For all these services, it is important to keep the crowd workers engaged with the platform, i.e., having workers complete tasks and have a crowd worker complete new tasks over time. A major factor for successful task completion is a good task assignment algorithm that takes into account the worker's context [4] . According to Alt et al. [1] , users prefer pulling tasks from a database and prefer tasks that are located close to their home. However, pull-based mechanisms defer the combination of tasks and planning a route with minimal detour entirely to the user [33] . Push-based mechanisms can be fed with various information about the workers and plan and combine tasks to a meaningful bundle [21] . To increase the likelihood of tasks being completed while participants are on the move, Chen et al. [6, 7] implemented a system that assigns series of tasks to participants based on a prediction of their path. As a technical solution to increase the response rate, Vaish et al. [44] propose to reduce the complexity of tasks to a minimum and integrate the completion dialogue into the unlock-procedure of a smartphone. McSense [4] also integrates device context such as the phone's battery level into the task distribution, as workers with only minimal battery power left will probably not accept long tasks. Ren et al. [39] suggest to include social context into the distribution as well. Their experiment shows that the quality of the reports increases if the assigned tasks are from an area the worker has expressed interest for. Kandappu et al. [22] Scaling Crowdsourcing with Mobile Workforce : A Case Study with Belgian Postal Service • 35:5 achieved 95% completion rate for tasks by creating a social network that allows workers to refer tasks they are not able to complete themselves to other workers they know well. The social component of personally knowing the referrer of a task, also increased the average detour a worker was willing to take in order to complete the task.
Wang et al. [45] assign a reputation to each crowd worker that influences both the chance to get a task assigned and the reward for successfully completing that task. This generates an intrinsic motivation to provide high-quality data as the other workers are invited to play a game to verify the accuracy of the data with the possibility to earn rewards themselves. Palacin-Silva et al. [34] compared a gamified version of an ice-reporting app for water bodies in Finland to a traditional implementation. The gamified version included an interactive map, task assignments as stories, challenges, points, leaderboards, and a feedback module. The overall involvement was significantly higher with the gamified app than with the traditional app with workers being more active, and fewer people dropping out of the worker pool.
Managing Interruptions
Interruptions such as notifications on mobile phones result in context switches from a primary task to another that is requested by the notification and back. These context switches entail a considerable mental demand that, depending on when the interruption happens, can lead to forgetting what the primary task actually was [9] .
With the increasing popularity of mobile devices, determining the user's context to find opportune moments to present notifications became a multimodal task. As early PDAs did not have the rich set of sensors current smartphones contain, Ho et al. [14] attached two inertial measurement units (IMU) to the upper thigh and ankle of the user. These sensor readings were used to determine changes in physical activity correlating with a user-initiated task switch, and subsequently being a moment where an additional task does not interrupt an existing primary one. Similarly, Fischer et al. [12] inspected mobile-phone activity with the goal to determine opportune moments to trigger specific user responses through notifications. They found that the moment right after a mobile phone interaction, i.e., the end of a call, is the most suitable for that purpose. The user has to switch context to a different task anyway, meaning that the interruption by the notification is minimized.
To increase the chances of a notification to be perceived, recent projects aim at inferring the user's context from various smartphone sensors. PrefMiner [31] is an Android notification management library. Based on the notification title and the user's location, the library can predict whether a notification is likely to be dismissed. The user can then further adapt these automatically inferred rules to her needs.
The system by Pielot et al. [36] determines a user's state of boredom. Based on factors such as recency of last communication, time of day, and demographics, the system determines opportune moments to trigger a notification, which results in an increased reaction rate. Mathur et al. [30] used EEG readings to determine mental workload and to correlate it to a set of dimensions from smartphone sensors, demographics, usage context, and time of day. Based on these results, they implemented a classifier that qualifies the smartphone context with user engagement with a high accuracy. InterruptMe [35] is a library that learns and models interruptibility on the Android platform. For its development, the authors logged usage context based on smartphone data and asked for additional social context using a brief questionnaire that was triggered by the notification. Participants had to describe if they were in company or not, in what kind of activity they were engaged and how important that was, and how they felt. Overall, the authors conclude that not only context has to be taken into account, but also the recent interruption load in order to achieve better response rates.
We use the notification paradigm to efficiently embed crowdsourcing tasks into mobile workers' daily routines. In other words, tasks are presented to workers in the form of notifications without prompting any effort from the workers to manually search for tasks. We build upon prior work on interruptibility management for mobile devices to design a rule-based wearable-only app to present notifications at the opportune moments. The rules that drive the app operation are driven from a user study to understand the workers' behaviour while they deliver parcels.
Data Quality
One problem of mobile crowdsourcing is the bias in spatial coverage towards popular places [21] and the fact that potentially only a few workers contribute a large number of results [32] . TA$Ker is a real-world testbed for mobile crowdsourcing deployed on a University campus in Singapore with the goal to evaluate methods of compensation for these bias effects [21] . It demonstrates that users prefer multiple tasks being bundled and that increasing the reward for tasks assigned to less popular locations increases fairness across the worker revenue and decreases the spatial coverage bias. Ul Hassan et al. [43] proposed an adaptive task distribution algorithm that increases coverage by selecting workers based on their location and willingness, which it learns over time. They show that this algorithm achieves a higher spatial coverage with fewer workers than the simple baseline algorithm.
Regarding the issue of trust in the accuracy of the crowdsourced data, several approaches have been presented. Kandappu et al. show that requiring a very fast response leads to more incorrect data [21] . One way to ensure the accuracy of the responses is to assign tasks to multiple workers and accept the most common response [24] . Assigning each worker a reputation, such as by Kazemi et al. [25] and Wang et al. [45] introduces an intrinsic motivation to provide good results. The system in [25] only accepts answers that have a task-related confidence level higher than a certain threshold, while the system in [45] adds a verification game component. Hoh et al. [15] achieved a better data quality by adjusting the rewards for correct data, in this case, information on free parking spots, depending on the availability of parking spots and workers. In contrast, Huang et al. [18] automatically determine the reputation of a device by comparing samples to the community average, thus solely on a data level without a human in the loop.
Janjua et al. [20] propose an approach of ensuring data integrity on a much lower level, by running critical software elements in a trusted execution environment that ensures that, e.g., the picture has been taken at the time and location its metadata suggests.
Using a mobile workforce as crowd workers establishes a baseline trust into the results. Bakewell et al. [3] analyzed how a mobile workforce, in this case, field engineers, responds to being equipped with a set of Apps that track their progress on assigned tasks over the course of the day. While it empowers the workers' autonomy, it also increases the anxiety that the collected data will be used against them if their performance is insufficient for whatever reason.
STUDY METHODOLOGY
The objective of this work is to engage a mobile workforce in crowd-sourcing tasks with an aim to address the caveats of conventional approaches, namely, lack of spatiotemporal coverage, lack of accurate information, and lack of sustainable engagement. We have approached this research in four stages applying mixed-method study methodology and in-the-wild system deployment. The overall method is reflected in Figure 1 . We began with a quantitative data analysis of 6.3K postal workers' activity traces to understand their mobility, and then we performed a contextual study with six workers to understand their workflow and behavioural attributes. Grounded on the findings of these analyses we develop a system with purpose-built components and evaluated them in a two weeks real-world deployment with ten postal workers and finally, we conclude this research with qualitative interviews with those ten workers to understand their experience and impression of such system and engagement. In the rest of this paper, we describe each of these studies in depth.
Participants: This research was conducted in the context of a national-scale project involving multiple stakeholders interested in the outcome of the work. One of the stakeholders was Belgian Postal Services, bpost, Fig. 1 . Overall mixed-method methodology followed in this research including quantitative data analysis, contextual study, in-the-wild deployment and qualitative interviews employing the largest payroll in Belgium including 15000 postal workers that deliver letters, packets, and parcels to the 4.7 million households across the country. bpost was interested in the project as it wants to enter a new market as a provider of citizen and city data for a variety of companies. As part of its innovation strategy, bpost has identified the potential of using its workforce in the field to collect a vast amount of data as well as to execute small activities beyond the traditional business of postal service as a new source of revenue stream. As such, they actively supported this work as they saw it as an excellent pilot opportunity.
The region of interest drove the selection of actual postal workers. As we discuss later, we wanted to cover both urban and rural areas and selected three potential regions -Antwerp, Brussels, and Sint-Katelijne-Waver. We conducted the contextual study in all three regions and the in-the-wild deployment study at Antwerp. bpost management decided the specific parts of these regions and allocated the workers for those regions as participants of this study. These workers, however, were not enforced instead the entire team of workers for those regions were informed, and the final participants joined the study willingly knowing this is a pilot study that might help their organisation and without any tangible incentives. bpost management did not change their daily routines or job description for the period of the study neither did they introduce any reward for their participation. As such, we should interpret the results reported hereafter as a reflection of postal workers who opt-in for this research as a gesture of goodwill towards their management and organisation.
BEHAVIOURAL STUDY
We begin by reporting a mixed-method study to assess the feasibility of using a mobile postal workforce for crowdsourcing. First, we quantitatively analyze the mobility of postal workers to identify the situational opportunities for crowd-sourced tasks. Then we report a contextual study on the workflow and behaviour of the mobile postal workers. We seek to understand whether the behaviour of the postal workers during their rounds allows them willingly i) to engage with a mobile device and ii) with a citizen to perform a crowd-sourcing task, e.g., responding to a subjective question regarding their current location. The collective findings of this mixed-method study inform the design of our system for purposefully engage the postal workers in crowd-sourcing task. 
Understanding Mobility
In this section, we present an analysis of a dataset provided by bpost. This dataset consists of a list of events from mobile terminals given to a subset of workers who deliver large packets and parcels to citizens. Such large items are delivered by workers who operate a motor vehicle such as vans, hence, we refer to these workers as drivers. The events in the dataset include scanning of barcodes on delivered items as well as other supplementary information such as charging of the device, etc. Events may also be geotagged with GPS coordinates. The traces provide information about more than 6300 workers with around 350K events over the duration of 32 days. Approximately half of these events correspond to deliveries. However, not every event is tagged with GPS coordinates. On average, roughly 142K events per day include GPS coordinates and about 140K of them correspond to deliveries.
As shown in Figure 2a , the deliveries with GPS coordinates are not uniformly distributed across the country. bpost geographically divides Belgium into 242 distribution centres, but not all of these centres provide valid GPS coordinates. However, those mail centres who provide valid GPS coordinates, communicate them for a large part of their deliveries. In Antwerp city centre, for example, 93% of the deliveries of our dataset have associated GPS coordinates, as shown in Figure 2b . For convenience, our further analysis focuses on the deliveries in this mail centre to evaluate the spatial coverage of drivers.
We use a local Nominatim 11 server to reverse geocode GPS coordinates to street level location information. Our analysis reveals that there is at least one delivery per day in 55% of the streets in the centre of Antwerp. The streets without a delivery are typically very short streets and/or with a very small number of residents, nevertheless, such streets are situated close to another street with a delivery. Figure 3a shows the cumulative distribution function (CDF) of the number of deliveries in a street over the course of a day. As such, there are at most 3 deliveries in 93% of the streets in a day. Similarly, Figure 3b shows the distribution of the time difference between the first and last delivery on a street in a day. In 88% of the streets, this time span is less than just 1 hour. For a few streets, there are parcels delivered in the afternoon rounds which leads to a larger time span.
These figures indicate that while the mobile workforce of bpost provides widespread spatial coverage, the temporal coverage is minimal since time spent in each street is usually only a fraction of the day. The summary of key statistics about the mobility of the drivers is given Table 1 . These values indicate that the drivers do not have to rush between deliveries to finish their jobs. Considering the typical distance between two delivery points and the time drivers spend between two deliveries (e.g., walking back to the truck after delivering a package), we concur that the workers will have time to engage with their mobile devices if prompted for crowd-sourcing tasks.
Understanding Workflow
In order to assess the workflow of the postal workers, we carried out an observational study with 6 postal workers in two urban settings, Brussels and Antwerp, and a rural area, Sint-Katelijne-Waver of Belgium. In each location, we accompanied two workers with a different mode of transportation. We conducted a user shadowing study with fly-on-the-wall and observation with inquiry techniques [29] . In the first part of the tour, we observed the postal workers without any comment or intervention. In the second part, we asked them questions on certain aspects related to their behaviour. We used a head-mounted camera to capture a workers round on video for later analysis. In addition, we used a GPS tracking application to track the route of the worker. Figures 2c and 2d show a couple of photographs taken during this study.
The mail rounds are broadly categorized into two groups based on the type of deliveries they make. In one group, workers deliver letters and small packets. In urban areas, workers in this group walk along their rounds with their caddies. In rural areas, they use small vehicles such as bikes and scooters to travel extended distances but they still walk among a group of houses. We refer to workers in this group as pedestrians. In the second group, workers use motor vehicles to carry and deliver large parcels. In addition, they deliver letters for premium customers, i.e., people/companies that pay to receive their mail before 9:00 am and high volume users, i.e., entities that receive a large number of mail items. These workers are referred to as drivers 12 . Drivers also distribute the letter bags of pedestrians to designated pick-up locations such as apartment buildings and depots, such that the pedestrians do not have to carry all letters at all times. Pedestrians pick up these bags left by the drivers along their rounds and deliver the items to their final destinations. In contrast to urban areas where a worker makes only one round per day, in rural areas, a single worker can complete multiple rounds using different modes of transportation, e.g., first on a car, then on a bike. In other words, a worker can be both a driver and a pedestrian over the course of the day. The summary of the mode of transportation of worker rounds is given in Table 2 . 
Pedestrians perform their round in the morning, typically completing the delivery of letters by midday. Most of the parcels are also delivered in the morning by drivers. In addition, there are also afternoon driver rounds, delivering a small number of parcels. These drivers also collect outgoing letters in mailboxes placed around the city.
The rounds of pedestrians are much shorter in comparison to those of drivers. They deliver letters to the same people almost every day. Hence, a pedestrian establishes contacts with individuals on a regular basis and is able to build trust relationships with residents along that round. This gives them opportunities to collect voluntary information, either through observation or through dialogue with the residents. A driver, on the other hand, can only establish such contacts with the representatives of premium and high volume customers that they see every day. They also frequently interact with proxies who can provide collective information such as concierges of large buildings since even though the addressee changes each time, a building with a large number of households is regularly visited by the worker. In addition, both groups of workers cross the same neighbourhoods every day. Hence, they quickly notice changes in the urban setting.
While a pedestrian does not have any time critical deliveries, drivers have a deadline for delivering mail for premium customers before 9:00 am. They also have a soft deadline for distributing pedestrian bags to the pick-up locations before 11:00 am. Still, we did not observe either of both groups of workers rush their deliveries. They frequently take breaks in the cafes and pubs along their round and have conversations with the people. Drivers in cities are an exception to this as it may be difficult for them to find parking spots for their vehicles but they still have time for conversations during deliveries.
Regarding potential interaction with mobile devices to collect information, the workers have situational disabilities that prevent them from using their mobile devices. Instead of single letters, pedestrians pick up a batch of letters from their caddies or bikes and distribute them to the mailboxes. Doing this, they leave their caddies or bikes behind and hold the letters in their hands. Figure 2c and Figure 2d represent such situational disabilities. Moreover, workers cannot use their devices if/when they operate the bikes and scooters. Similarly, drivers cannot engage with mobile devices while they are behind the steering wheel or carry parcels from the vehicle to the destination address. Still, there are opportune moments to engage with the devices. For example, it is possible to check mobile devices after pedestrians complete a batch and while they return to their caddies. In the drivers' case, most parcels require a signature and they have to wait for people to pick up the delivery after they ring the doorbell. They use their devices while waiting for the addressee to show up. All the workers noted that while it is possible they may not accept calls immediately, they get back to the caller as soon as they can. The summary of our observations is presented in Table 3 .
Understanding Attitude
After we finished the qualitative analysis, we conducted a small semi-structured interview with the six postal workers we followed on their daily round, a group including four males (aged between 40 and 62) and two females (aged between 40 and 45). Two of these workers were merely on foot, two were drivers only, one of them performed a walking tour after finishing a driving round and one used a scooter on the round. The walk only and car only workers did rounds in urban settings whereas the other two had rounds in a rural area. The goal of the interview was to find out i) if postal workers are indeed willing to take on the extra task of collecting information in their area and ii) if so, what kind of tools and devices they would prefer to complete this task.
Regarding the first question, all six persons responded that they would agree to answer contextual questions when they are out on the street delivering letters and packages. In addition, they said they could ask questions to residents they serve. More specifically, we asked whether they would feel comfortable asking people about their perception of the subjective properties of their neighbourhood, e.g., the safety of the area they live in, etc. All subjects said they would not have any objections to such queries. However, two workers added that they do not see the value of asking this kind of questions, but they would do it anyway if requested by their management. None of the workers thought their primary task would prevent them from collecting such information.
We also presented them with possible use cases where they would receive a question at a certain location during their tour. These use cases include both quantitative and qualitative questions, and their answers require both objective observations (presence of a solar panel, condition of traffic signs, etc.), and subjective perception (safely or cleanliness of a street, etc.). One of the questions we suggested was the following: Does the house at this address have solar panels on the roof?.
After explaining that this kind of question could cause harm to residents because failure to report a solar panel installation could result in paying a high penalty for tax avoidance, five of them responded that they would not endanger their social trust relationship with the people they serve. One remarked that he would not want people to think he was a traitor.
Then, we inquired about the type of device they would like to use to collect this information, and we presented them with four possible choices: (a) smartphone, (b) smartwatch, (c) tablet, (d) in-house bpost scanning device. The most popular choice was the bpost terminal. The workers agreed that they were not tech savvy. The drivers, in particular, noted that they would feel more comfortable with a device they already know and operate. Their second choice was to use a smartwatch, followed by the smartphone. None of the respondents opted for the use of a tablet.
Summary and Design Implications
Our mixed-method study covered a wide range of issues in understanding postal workers mobility, workflow, their relationship with citizens, attitude to mobile crowd-sourcing tasks, etc. In this section, we offer a reflection on the key findings of our study, and in particular, we discuss the type of crowdsourcing tasks that are suitable for postal workers (the what aspect), and how these tasks can be embedded in their daily work routines (the where and when aspects).
4.4.1 What -Task Dynamics. Learning from our study and past work [4] , we provide here an overview of potential tasks for mobile postal workers. We discuss these tasks from four perspectives:
(1) Spatial Range: Mobile crowdsourcing tasks are associated to a specific location. This location may be a certain point, i.e., latitude/longitude or an address, or a larger region such as a neighbourhood, a city or even an entire country. A point-level question, for example, may ask the worker to assess the noise level on a public square. While some region-level tasks may require only one response as it is typically homogeneous across the region, e.g., 'How friendly are people in this neighbourhood?', others may be formulated as a collection of point-level questions, e.g., 'How clean are streets in this city?' With a workforce that yields a large spatial coverage, such as postal worker of bpost, a mobile crowdsourcing framework is perfectly situated to collect responses to both point-level and region-level tasks. (2) Periodicity: A crowdsourcing task may be executed one time, e.g., check whether a house in a particular address has solar panels, or they may be repetitive, i.e., daily, weekly monthly, so that trends of interest can be grasped by interested parties to track a phenomenon of interest, e.g., how the cleanliness of a street changes over time. In addition, a task may be demand driven, and required to be carried out at a particular time, e.g., 'Is the train station very crowded at noon?'. Even though the temporal coverage is poor for a mobile workforce, spatial coverage is consistently high across the days that the workforce is in operation. This allows collecting responses to both one-time and repetitive queries. However, the granularity of the repetitive queries cannot be very high since the temporal coverage is poor. A system leveraging such workers cannot expect hourly updates whereas it is possible to collect daily responses to temporal queries. Due to poor temporal coverage on the other hand, demand driven tasks cannot be completed by the workforce since the presence of a worker at a particular location at a certain time cannot be guaranteed. (3) Response Characteristics:Our observations show that, in case of bpost, postal worker sort the letters and parcels they deliver at the beginning of the day, and plan their rounds accordingly. Such a workforce can ensure that a worker is present at a location over the course of a day but cannot indicate the actual time that they are there. Hence, one cannot expect responses to real-time tasks that require immediate responses to questions as soon as they are generated. The tasks need to be delay tolerant and introduced to the system at least before the workers start their rounds so that the tasks are incorporated to their rounds efficiently. (4) Sociality:We have observed that the workers frequently interact with the public and this presents an opportunity for the workers to act as proxies and direct questions to citizens. Hence, they can carry out tasks that target a specific group of people, e.g., 'Is the transportation easy for elderly people?'. This group could be defined by demographic characteristics, such as age, gender, or ethnicity. Workers can draw from their detailed knowledge of the local communities to determine candidates fitting the designated target audience profile as they have a good understanding about the people they serve. Other tasks may be generic and directed to the general public to assess how a phenomenon is perceived, e.g., 'Do you find the city centre safe?'. Our observations have shown that the workers establish a trust-based relationship with citizens and as long as the queries they present to citizens do not jeopardize this relationship, they are willing to collect responses from them. Therefore, the tasks regarding the demographics should be prepared well so that the recipients do not feel threatened.
4.4.2
Where -Spatial Dynamics. Our study shows that bpost workforce provides widespread spatial coverage. In addition, the work they perform gives them a comfortable and loose schedule during which they can use their mobile devices. Typically, workers have daily routines that they follow along their rounds. They can easily detect any changes in the area they serve. While the workforce provides wide spatial coverage, for complete coverage, the workers need to be steered towards locations of interest, i.e. their rounds need to be augmented task locations. The route augmentation, however, needs to adhere to the schedule of the postal worker.
When -Temporal Dynamics.
We have observed that the workers are able to engage with mobile devices along their rounds. However, they have situational disadvantages when they carry/hold items for interacting with devices. Therefore, crowdsourcing tasks need to presented in an opportune moment ideally considering the situational context of the worker.
In the next section, we discuss the design and development of the crowdsourcing system informed by these understandings.
CROWDSOURCING SYSTEM FOR MOBILE WORKFORCE
A crowdsourcing system for a mobile workforce rather than a set of volunteers demands a careful system design due to a number of challenges imposed by the nature of the work this workforce performs. In this section, we first discuss the design decisions we have made to build our system informed by the mixed-method study presented earlier and then we present different components of the system and their operational principles.
Design Decisions
The solution we design for crowdsourcing tasks in an urban setting needs to be tailored to a mobile workforce such as that of bpost. Such a system should consider the behaviour of the workers as well as the types of jobs they can perform. Based on the behavioural study we reported in the last section, we made several design decisions to develop the system. We discuss these design aspects in the following.
Task Dynamics: In the previous section, we explained that a mobile workforce is able to collect information in any spatial scope. However, it is not possible to provide a finer temporal granularity than a day. While we can decide whether we carry out a task on a day, we cannot define a certain time at which a worker needs to answer a query about a particular location. Moreover, a mobile workforce is not able to collect responses to demand-driven and real-time tasks due to poor temporal coverage. In other cases where the workforce has a more flexible route, demand-driven tasks are possible, but a cause of stress [3] . Hence, we assign the crowdsourcing tasks to workers at the beginning of the day, and these tasks do not demand real-time response and can have a longer completion period. In addition, we allow tasks to be skipped at some days. A task requester can provide a deadline for a task that indicates the maximum number of days a task can be skipped.
Spatial Dynamics: While we show bpost workforce provides wide spatial coverage, over 50% in terms of the ratio of the streets visited by a worker, the coverage is not complete. In order to achieve full coverage, the worker rounds need to be augmented with crowdsourcing tasks. While increasing the number of tasks carried out by the workers is important, it is also essential to avoid long detours for the workers that stretch their rounds. As such, we have designed a cost metric that captures both the completion of a task and the detour it incurs to workers, and then use this metric to augment the spatial route of the workers optimally. We will discuss this component later in detail.
Temporal Dynamics: Since we determine the set of tasks to be carried out at different locations on a daily level, we have decided to assign tasks to workers proactively, before the beginning of their daily rounds. Each task has a designated area where the task needs to be performed. However, within that location, it is essential to identify the right and opportune moment when the postal worker can be interrupted to respond to the question or perform the task. We have reported earlier that postal workers have a situational disability due to the nature of their job. Besides, the sociality context as we discussed earlier is also essential to take into account. So, we have designed a purpose-built interruptibility component that identifies the right moment to push a crowdsourcing task to the mobile worker while s/he is within a spatial range of the task location.
Device Dynamics: In our study, we explored different device forms with the postal workers for seamless integration of crowdsourcing tasks into their daily routines. Although the in-house scanning device was the preferred device, it introduces additional situational disabilities. Besides, the scanning device was augmented with any sensors except IR and was not suitable for modelling richer context information. As such, we have chosen the second preferred device -a smartwatch for the following reasons:
(1) Unobtrusive Context Sensing: For the interruptibility management, we need to model a set of geotagged physical and conversational activities. Modern smartwatches offer excellent support for such context sensing due to rich onboard sensors, e.g., accelerometer, gyroscope, microphone, etc.. (2) Semi-Disconnected Operations: Since the tasks for bPost workers do not require real-time response,
we have decided to develop a semi-disconnected solution. Since the devices need no connectivity during work routine, we do not equip the watches with SIM cards, and we do not pair with any master device such as a smartphone. Instead, they use their WiFi interface to download the tasks at the beginning of the routine and upload responses to those tasks at the end of the routine. This design decision, e.g., removing live networking also help us in maximizing the battery life of the smartwatch. (3) Discreet and Faster Interaction: The tasks for the postal workers that we studied in this work are textual only 13 . We already mentioned situational disabilities. As such we wanted to have these tasks embedded in interactive notifications that are discreet and can be interacted with one hand with minimal engagement. A smartwatch notification is an excellent interactive modality for this.
In our behavioural study, we have noted that the workers often experience situational disabilities associated with carrying parcels, etc. In order to collect responses to tasks more effectively, we need to avoid such disabilities and detect opportune moments.
We opt to use smartwatches to best understand workers' context regarding physical activity. Since the devices need no connectivity, we do not equip the watches with SIM cards and we do not pair them with any master device such as smartphones. Instead, they use their Wi-Fi interface to download the tasks and upload responses to those tasks.
In the next section, we discuss the two main components of our crowdsourcing solution. In particular, we present a route augmentation and interruptibility management techniques to address the spatial and temporal aspects of our purpose-built solution for mobile postal workers.
Route Augmentation for Expanding Spatial Coverage
This component is responsible for augmenting the daily route of a postal worker with crowdsourcing tasks. It collects round information of all workers at the beginning of the day, and augments the worker rounds with crowdsourcing tasks. We use a heuristic that jointly minimizes the total detour and maximizes the number of completed tasks.
Problem Definition.
We first formally define the notations for the task assignment problem, i.e., allocating two types of tasks -primary and crowdsourcing -to postal workers' daily routine.
Let N c be the set of crowdsourcing tasks that is available on a day that includes both that are introduced on the current day and those that were skipped in the previous day. Each task t ∈ N c has L t remaining days before it needs to be completed. N p denotes the set of primary tasks the workforce needs to complete. The set of all tasks N is given by N c ∪ N p . The set of workers is denoted by M.
The ordered list of tasks assigned to a worker m defines the trajectory or the round of the worker R m = (t 0 , t 1 , ...t n ). The ordered list of tasks are defined by decision variables x m (t i , t j ) ∈ {0, 1} where t i , t j ∈ N and m ∈ M that indicates whether worker m handles task t j after the task t i . A task t j is a part of R m if x m (t i , t j ) = 1 for any i. R m for each m starts and ends with task 0 that is associated with leaving and arriving the mail center in the beginning and the end of the day, respectively. Let τ m (t i , t j ) denote the cost for worker m associated with completing tasks j after task i. This may take several factors into account including the distance between tasks i and j, the type of worker m, i.e. whether she is a driver or pedestrian, the time it takes to complete task j, etc. The cost associated with the entire R m becomes
For convenience, we use x m i,j instead of x m (t i , t j ), τ m i,j instead of τ m (t i , t j ). Then, the round cost can also be formulated as
We also consider that postponing a crowdsourcing task incurs a cost if z t = 0 that means task t is not completed by any worker.
We strive to assign tasks to workers in a way that minimizes the cost associated with their rounds and maximizes the the number of tasks that are carried out on a day. This multi-objective optimization problem is defined as follows:
α and β values weight the cost associated with the worker round and skipping a task, respectively. The set of constraints associated with task assignment is following:
(3) and (4) indicates that worker rounds start and end at the central location. With (5), it is ensured that every primary task is handled by a worker. (6) establishes the flow conversation of every worker m. (7) states that z t can be equal to 1 only if t is completed by a worker. Since z t minimizes the objective, it is equal to 1 whenever possible. (8) maintains that crowdsourcing tasks cannot be delayed beyond their deadlines.
Consider the case in which L t = 0 for each t and every task is assigned without delaying on a day. Then, (2) turns into Vehicular Routing Problem (VRT) [42] . Since VRT is NP-Hard, its generalization is also NP-Hard and the optimal solution cannot be computed effectively.
ALGORITHM 1: Heuristic for augmented round assignment problem
foreach m ∈ M do R m ← N m p end SortedTasks ← Sort(N c ) ; foreach t ∈ SortedTasks do cost ← a large number ; u ← ∅; foreach m ∈ M do cost m t ← T (R m , t ) − T (R m ); if cost m t < cost then cost ← cost m t ; u ← m; end end if L t == 0 then R u ← Insert (R u , t ) else if α cost < β then R u ← Insert (R u , t ) end end end
Task Augmentation Heuristic.
To solve task assignment problem efficiently, we propose a greedy heuristic that relies on bpost delivery rounds. We assume that these rounds are (near-)optimal for delivering parcels. We build upon package delivery rounds and augment them with crowdsourcing tasks. This round augmentation heuristic is summarized in Algorithm 1.
We start with rounds provided by bpost in the beginning of the day and sort crowdsourcing tasks in ascending order of remaining days before a task must be completed, i.e. L t values. Then, we iterate through each worker and evaluate the cost of detour in case the task is incorporated into a worker's round. The cost of the round with task t added at the best sequence is given by T (R m , t) where as T (R m ) is calculated as in (1) with the current round of m, R m and the difference yields the added cost of the crowdsourcing task.
We find the worker u that yields the detour with minimum cost, which incurs if the task is carried on the current day. After weighting this cost with α value in (2), we compare it with the weighted cost of postponing the task for a day, i.e. β. If the cost of the detour is smaller than the cost of postponing the task, we insert task t to R u . In addition, if L t = 0, i.e. the task has no more remaining days, we insert t to R u .
In case a task is postponed, its associated L t value is decremented for the following day. This heuristic greedily minimizes the cost of adding tasks to workers' rounds, starting from their delivery rounds. Assuming these starting points are optimal or near-optimal, it provides a greedy approximation to (2).
Interruptibility Management for Identifying Opportune Moments
The principal objective of this component is to identify opportune moments for an interruption for mobile workers. Once the moment is identified, the relevant task in that spatial region is presented to the postal worker. We achieve this by modelling spatiotemporal contextual situations of a postal worker. A worker's spatiotemporal activity trajectory is the primary input to our system. From this trajectory, we seek to identify the right moment in a target spatial area considering worker's physical and conversational activities to interrupt for a crowdsourcing task. To construct this trajectory, we leverage three sensing modalities -location, motion and audio. The overview of the interruptibility management component is shown in Figure 4 .
Modeling Location: Location is known as the most powerful context for describing the human context. Each crowdsourcing task is associated with a location. To detect the user is near a task location, we track location by sampling GPS once every 30 seconds.
Modeling Motion: Motion sensing is constituted by onboard accelerometer and gyroscope to detect physical activity. We are interested in three-movement states: [stationary, walking, on-transport] and these are modeled by processing the raw accelerometer and gyroscope samples from the wearable. We use 5-second window frame with 95% overlap and then extract a set of time domain (mean, median, percentile, and RMS), and frequency domain (spectral energy, information entropy) features borrowing guideline from [11] . We pass these features to a k-nearest neighbours (K-NN) 14 classifier to extract physical activity label. We use 100Hz sampling rate for the sensors, however, produce activity labels at a granularity of 30 seconds.
Modeling Audio: Audio is a versatile sensing modality and has been used for various complex tasks in recent literature, e.g., speech recognition, keyword spotting, acoustic scene detection, emotion and stress detection etc. We are interested in a simple task recognition, i.e., if there is a conversation going on or not. Our system listens to the onboard microphone for 3 seconds in every 30 seconds and extracts 13 MFCC features from a 16-bit-PCM audio data following a sliding window approach (25 ms-long window and overlap of 10 ms). MFCC features are then passed to a couple of classifiers -each one composed of a CNN followed by a SoftMax layer -for detecting the presence of human conversation in audio signals.
Opportune Moment Detector: We need to identify opportune moments for two kinds of interactions in the form of notifications. The first notifies the worker about a crowdsourcing task that consists of a query and a list of possible answers. We also rely on notifications to steer workers towards crowdsourcing tasks. If the worker round is augmented by a crowdsourcing task that needs to be completed after a parcel is delivered, and the task location is far away from the delivery location, a notification informs the worker that she needs to go towards the task location. Our system treats both types of interruptions identically. We refer to a location where a worker needs to be presented with a notification as interruptible zone.
For identifying opportune moments in interruptible zones, we create situational contexts described with the combination of one of two conversational activity labels (i.e., conversation, noise), and one of the three physical activity labels (i.e., stationary, walking, on-transport).
The objective of the detector is to determine whether a specific time instance is interruptible or not. In particular, out of the six different possible combinations of physical and conversational activity context, the detector determines whether the current moment has following two context combinations walking, noise or stationary, noise. This basically identifies the moment when a worker is standing stationary or walking without engaging in a conversation. In both cases, the relevant spatial task is pushed to the worker.
Given the low-resource budget of a wearable device, this component works in a multi-phased way switching between two different operational modes (as illustrated in Figure 5 ). • Coasting Mode: In this mode, only coarse-grained location is detected to conserve battery power whenever the worker is not close by any tasks that she needs to carry out.
• Sensing Mode: In this mode, a worker is detected to have reached to an interruptible zone -where a crowdsourced task is available. The device activates the sensors to record physical and conversational activities which are then matched against the rule set from the interruptibility detector, and when a moment is found, the notification is presented to the worker. 
End-to-End System
In the last two sections, we described two critical components of our solution ensuring enhanced spatial coverage and increased engagement with just-in-time interaction. In this section, we present the end-to-end system solution for mobile crowdsourcing by postal workers. Essentially, our solution is composed of three major components: (i) a Task Builder interface in which one can create geo-spatial crowdsourcing tasks, and receive the responses in a variety of forms, (ii) the crowdsourcing Task Manager that generates augmented routes by assigning crowdsourcing tasks to worker rounds, pushes tasks to workers' devices, and retrieves task results from workers' devices and (iii)a wearable smartwatch Task App that models workers context to engage them with crowdsourcing tasks at the right time at the right place and gathers responses to send back to task manager. The overall architecture of our crowdsourcing solution for a postal worker is illustrated in Figure 6 .
Task Builder.
We provide a web-based interface for task creation and analysis of the task responses. Every task is defined by a question, a number of possible answers to this question, the geographical scope of the tasks, i.e., whether it is a point-level or region-level task, temporal scope, i.e., whether it is one-time or repetitive, if the workers provide responses themselves or collect them from the public, including what segment of the population, the number of responses that need to be collected, and the end of the period over which the task is executed. Figure 7 shows representative screen-shots that demonstrate the several steps in task creation. To avoid overly inefficient detours, we allow tasks to be skipped. Hence, the interface asks the task creator the number of consecutive days that their tasks may be skipped. In our system, each task is associated with a location, and we translate region-level tasks to one or more point-level queries. For example, if the task owner would like to learn about the friendliness of a neighbourhood, we can create a single task associated with a central location in the neighbourhood. On the other hand, to assess the cleanliness of a city, it creates a task for every street and the city. The feedback on this transformation is provided to the task owner through the Task Builder and the customer can increase/decrease the spatial granularity of the query. The entire Task Builder component is written in HTML5 and Java Scripts with NodeJs as the back-end.
Task
Manager. The primary objective of this component is to create augmented routes for each postal worker based on the tasks and by implementing the algorithm presented in section 4.2. Once the augmented routes are created, they are pushed to postal workers smartwatches before workers start their rounds. As described earlier, these routes essentially contain geo-tagged crowdsourcing tasks embedded next to their primary delivery tasks. During their rounds, the Task App (see next) directs the workers towards the points of interest using this augmented routes through notifications. At the end of the day, when the workers return to the mail centre, their 
App. This component manifested as a wearable application models workers spatiotemporal context to identify opportune moments implementing the techniques presented in section 4.3. During these moments, notifications are presented to the worker that includes a small cue about the location of interest, the query for the worker to respond and then a list of possible answers. Example screenshots from the app are illustrated in Figure 8 .
This component is implemented as a set of Android Services on top of Android Wear (now Wear OS) v1.5, targeting Android Platform 22, potentially working on almost every Wear OS device in circulation. In our case, we have used LG Urbane 2 watch, which features a SnapDragon 400 chip (Quad-core 1.2 GHz Cortex A7 and GPU Adreno 305) with 768 MB RAM and 4GB Flash storage and is equipped with 570 mAh battery. The services communicate with each other and with the Android Notification Manager via Android Intents and deliver the information contextually.
In the next section, we will discuss how this solution was used in a real trial with bPost postal workers together with a set of systematic evaluation. 
SYSTEM EVALUATION
In this section, we begin by offering assessments of the two principal components of our system, e.g., the route augmentation and interruptibility management techniques.
Performance of Route Augmentation Technique
Even though we present an end-to-end evaluation of our system later on in this section, we were not able to equip a large number of bpost drivers with smartwatches. Therefore, we evaluate our round augmentation heuristic with trace-driven simulations to assess its efficiency in large scale scenarios. To do this, we use the dataset that we have used for our quantitative behaviour analysis in Section 4.1. We use the delivery information provided by the dataset and augment them with crowdsourcing tasks. We create crowdsourcing tasks at random addresses in Antwerp city center, an area that drivers from the corresponding mail centre roam around to deliver parcels. Each task needs to be completed within 1 work week, i.e. 5 days. Once a task is carried out, a new task is inserted to the system so that we make sure our system evaluates 100 tasks every day and decides whether or not they are incorporated into workers' rounds.
As τ values that yield the cost of a worker round in (1), we use the driving distance between two task locations since we do not have access to any other information such as task completion times. Since the dataset only provides information regarding the drivers, the worker type is not a discriminating factor in assigning costs between two task locations.
We evaluate our heuristic in terms of the detour incurred by the crowdsourcing tasks added to the worker rounds and the number of days between the day a task is introduced to the system and the day it is completed. If worker rounds are augmented with more tasks, they need to cover a larger distance increasing the cost of a detour while the tasks are completed sooner. This trade-off is governed by α and β parameters.
With increasing α values, the heuristic prioritizes limiting the detour. On the other hand, as β grows, it becomes essential to carry out the tasks without delay. Evaluating the round augmentation heuristic, we consider two scenarios. In Detour Oriented scenario, α >> β and we seek to minimize the detour at the cost of delaying tasks to consecutive days. In Delay Oriented scenario, on the other hand, the heuristic assigns a task on the current day even if it incurs high detour cost. These are the two extreme scenarios and the heuristic performance is bounded by these two conditions. Figure 9 presents the performance of the heuristic in both scenarios. Figure 9a shows the distribution of detour each crowdsourcing tasks incurs while Figure 9b presents the distribution of task ages in terms of days when they are completed. A task age of 0 days indicates that the task is added to a worker round the day it is created and a task of age 5 means that the task is completed on its deadline, i.e. the latest possible day.
In Delay Oriented scenario, tasks are never postponed and are always completed on the day they are generated. While this scenario incurs more detour than Detour Oriented scenario, 81% of all tasks handled incur no detour at all. In Detour Oriented scenarios on the other hand, tasks are delayed if they incur detour or no more beneficial delivery is expected within the vicinity of the task. As a result, 87% of the tasks do not incur any cost and while tasks may be postponed, 94% of the tasks are completed when the tasks are created. Figure 9c shows that drivers are like to have larger detours in case the crowdsourcing tasks are distributed in Delay Oriented scenario. Still, the daily detour of a driver never exceeds 4%. Figure 9d, on the other hand, shows the distribution of accumulated detour experienced by all the drivers. As before, the overall detour in Delay Oriented scenario is larger than that in Detour Oriented scenario. Still, considering all the drivers, the overall detour experienced in a day is below 0.3%.
In either case, since the workforce provides a wide spatiotemporal coverage, the round augmentation causes only a small detour in both scenarios. Even when the tasks may be delayed to the next day to ensure that the detour is even smaller, a vast majority of the tasks are assigned on the day they are created.
Performance and Resource Footprint of Interruptibility Management Technique
We want to reflect on the accuracy, and efficiency of the different inference components that are part of the interruptibility management process. The inference tasks, e.g., detecting physical and conversational activities as learning targets are well studied in the activity recognition literature. As mentioned in section 5.3 we borrowed bleeding-edge principles form the activity recognition community to address our relatively straight-forward learning objectives.
Apparatus: For the benchmark, we have used LG Urbane 2 watch running Wear OS v1.5. LG Urbane 2 watch is built on a SnapDragon 400 chip (Quad-core 1.2 GHz Cortex A7 and GPU Adreno 305) with 768 MB RAM, 4GB Flash storage and 570 mAh battery. It contains multiple onboard sensors including accelerometer, gyroscope, GPS, and microphone.
Data:
We recruited ten participants and collected accelerometer, gyroscope, and microphone data for a set of physical and conversational activities. For physical activities, they were asked to perform each activity (walking, stationary, on-transport; car in our case) for a 20-minutes session, totalling 1-hour data for each user. For conversational activity, half of the time in each session, i.e., 10 minutes, the participant was involved in a one-to-one conversation with a researcher, and the rest of the time we ensured no conversation happened within 1m proximity of the watch (i.e., gathering non-conversational noise). Conversations outside this proximate range and other ambient activities were however allowed and were duly recorded by the microphone of the watch. Results: We have assessed the performance of the models in an incremental way. For all the analysis, we conducted 10-fold cross-validation by default. We begin by reporting the performance of the k-nearest neighbours (K-NN) classifier, which was selected over a variety of other shallow and deep classifiers (e.g., linear SVM, RBF SVM, decision tree, random forest, multi-layer perceptron, and AdaBoost) based on the inference accuracy reaching up to an average F 1 -score of 0.93 as depicted in Figure 10a . We then separately evaluated the performance of the CNN model for conversation detection and achieved an average F 1 -score of 0.96 (Figure 10a) . We then did another offline evaluation of the moment detector component which takes the output of the previous two classifiers and combines them to reach to the inference target. We have achieved F 1 -scores of 0.89 and 0.91 for the two situations, walking with ambient noise, stationary with ambient noise as illustrated in the Figure 10b . This shows that moment detector demonstrates reasonably high accuracy in capturing moments when postal workers are standing stationary or walking without engaging in a conversation. We will also report in the next section, the performance of this component in the real-world deployment experiment. We then looked at the execution time and resource footprint of different context models. As illustrated in Figure 10c , all three models execute efficiently with audio models running CNN yields the highest time for performing the inference. Corresponding energy consumption is relatively low for all three models as shown in Figure 10d . The system's overall battery consumption in the worst case is 36mA per hour under the assumptions that 120 inferences are performed continuously, e.g., in the sensing mode. This corresponds to 6.3% battery life for our host device -LG Urbane 2 watch.
IN-THE-WILD EVALUATION
In this section, first, we report a real-world trial of our purpose-built solution with bpost postal workers to assess different aspects of the system in increasing the spatiotemporal coverage, the accuracy of the information, and the engagement. We end the section by reporting insights from the semi-structured exit interviews with postal workers.
Real-World Deployment with bpost Postal Workers
We had a unique opportunity to work with the bpost workers to evaluate our end-to-end system in an in-the-wild study. In this section, we discuss different facets of this study and report the findings.
Participants and Task: Ten bpost postal workers participated in this phase of our research for two weeks (10 working days). These workers were recruited by bpost management as we described in section 3 and were based in Antwerp. The kind of crowdsourcing tasks that were selected for this experiment is assessing the condition of the traffic signs at the city centre area of Antwerp with a spatial radius of 3.25km including 282 streets. The ten postal workers covered this area during the study. Assessing traffic signs was proposed by bpost as one of their potential domain of application. As illustrated in Figure 11c , the task of assessing the condition of a sign essentially means visiting the sign and recording its condition in of the three possible answers -i) Good Condition, ii) Bad Condition, and iii) Missing. Although simple, this task shares a few properties that we described in section 4. Namely this task is a point-level, one-time spatial task, does not demand real-time response and does not require social engagement, however requires perceptual assessment from the postal workers. We have retrieved the sign locations from the public dataset provided by City of Antwerp 15 . Of the more than 10000 signs in the dataset, we have selected 1000 signs that were part of the area of coverage of our ten participant workers.
Apparatus and Experiment Settings: bpost gave the route information of the ten workers for two weeks. We compile this information together with our route augmentation algorithm to create augmented routes for each postal workers for the study duration. This augmented route includes tasks of assessing road sign condition using Delay Oriented approach, i.e. the tasks are always assigned to a driver. If a task is left unanswered on a day, it is not assigned again in order to prevent the accumulation of tasks as we progress in the study. Each worker was handed out the LG Urbane 2 watch pre-loaded with the Task App, and the corresponding augmented route at the beginning of the study and were asked to charge the smartwatch at the end of their route daily.
For each assigned task, we provided a notification to the postal worker at the location of the last delivery before the task. The notification indicated the address of the sign and the type of the sign as shown in Figure 11 . If a worker engaged with the notification, it remained activated until she inspected the sign and provided an answer. This way, we combined the steering and asking the question in a single notification. To make sure the responses are accurate and reliable, we also recorded the coordinates of the location where the worker evaluated the sign.
Experiment Design: We had three objectives in this phase -understanding the impact of our purpose-built solution with route augmentation and interruptibility management in increasing quantitatively i) spatial coverage, ii) accuracy, and iii) engagement. Route augmentation essentially contributes to the first aspect of spatial coverage. Interruptibility management, however, has contributions to accuracy and engagement aspects. Given the dynamics of these factors, we followed a between-groups study design in which five postal workers in a Test Group were exposed to interruptibility management, and the remaining five in a Control Group were not. However, both groups were exposed to route augmentation. Our premise was due to route augmentation we would notice an increase of spatial coverage for both groups. However, engagement and accuracy would be higher for the Test Group due to the purposeful interruptibility management.
Results:
We begin by reporting the coverage. The nature of the task did not allow us the assess the temporal coverage, as such, we look at the spatial coverage here. This aspect is independent of the between-groups study design. The original route distance across the ten workers was 337.1289 km (daily per worker µ = 33.71 km and σ = 4.41 km) for covering the 137 streets in the target area. Please note that the target area has 282 streets. After applying our route augmentation with 1000 tasks this distance expanded into 353.0982km (daily per worker µ = 35.31 km and σ = 4.11 km), an increase of 4.7%. This increase in distance essentially leads to a rise in spatial coverage of 40.5% (with 89% absolute coverage). This means, with the original route of all workers, 137 streets were covered out of 282 streets. With our augmentation, the route covered 251 streets. Figure 12a shows how individual worker's routes were affected by augmentation on a day. Next, we look at the task dynamics. Our route augmentation algorithm dynamically assigns tasks taking into different factors as explained earlier including their original routes for delivering parcels. As such, the number of tasks assigned to individual postal workers was different. Collectively, 571 tasks were assigned to Control Group (daily µ = 11 and σ = 5) and 429 to Test Group (daily µ = 9 and σ = 5). Please recall that the Test Group was exposed to interruptibility management where the Control Group was not. Figure 12b shows that workers in Test Group consistently provide responds to tasks with a higher percentage on any day. Overall, 323 tasks (56.6%) was completed by the Control Group (daily µ = 6 and σ = 3) whereas 359 tasks (83.6%) were completed by the Test Group (daily µ = 8 and σ = 5) -an increase of 27%. While workers in the Control Group are assigned more tasks, workers in Test Group complete more tasks than their counterparts. Hence, the increase in task completion ratio in Test Group cannot only be attributed a lower number assigned tasks. This is depicted in Figure 13a . We run a Welch's t-test and observe a significant effect between the groups (p < 0.05) concerning the factor that the Test Group received the notification triggered by interruptibility management. Given the small sample size, we can not claim that this significance is observed due to our solution. However, we consider this as a promising indicator suggesting the effect of just-in-time trigger for higher engagement of a mobile workforce in crowd-sourcing tasks.
To assess the quality of responses, we have manually inspected all the 682 responses from both groups. Note that, we gathered the coordinates of the location where the tasks were completed. We observed, surprisingly, that the 100% responses from both the groups were accurate. This suggests that the postal workers were sincere in their response and accurately completed their tasks. Again, given the small sample size and short duration, this results cannot be claimed to be conclusive, but certainly, carry a significant indication that mobile workforce can adequately address the lack of accuracy issues observed in conventional crowd-sourcing solutions.
Finally, Figure 13b shows how the task completion rate for workers in both groups changes across the duration of the pilot. Even though the response rate is low initially, for both groups, it increases as the study progressed. This is an interesting observation, which is further qualified in our exit interviews (reported next). But, this observation suggests as the postal workers became familiar with the solution and the nature of the tasks, these tasks became habitual for them, essentially turning into tiny habits 16 . While a more extended study is required to conclusively state that the system leads to sustained engagement over time, the trend in Figure 13b is encouraging for our system's ability to engage with workers. 
Semi-Structured Interview
We have followed up the two-week test with semi-structured interviews with the ten participants to assess several aspects of their experience concerning our solutions and their overall impression. All of these workers are part of bpost workforce for at least ten years and longer. The interviews were conducted in Dutch (with audio recordings) by two researchers. One researcher was taking notes, while the other was engaged in the conversation. We structured the questions around four aspects: usability, motivation and incentives, task dynamics and engagement dynamics. We analysed the data by transcribing the audio recordings and by combining with interviewer notes. These were then coded and examined using affinity diagramming to derive conclusions around the three aspects mentioned above.
On usability of the overall solution including the wearable application was evaluated positively by ten workers. All of them mentioned that the experience of receiving just-in-time notification, clean and straightforward user interface, and one-touch interaction for task completion was positive, and made their engagement seamless. However, as we discuss later, they remarked on the necessity of a balanced volume and frequency of tasks so that these additional tasks do not keep them busy all the time.
On motivation and incentives, all ten postal workers commented positively concerning their participation mentioning they see this as an interesting opportunity for their organisation to generate new business. Essentially, we noticed the presence of an intrinsic motivation across all the workers. One specific comment from worker P03 qualified this observation well. "I've been a mailman for 25 years. Last few years I've seen a decline in volume for letters. So I'm actually quite pleased to see bpost is looking for new business in order to keep my job relevant. I don't want to lose my job... " However, we also observed that they were curious to understand the implication of such technology on their job-related benefits. In particular, given they were not included in the decision process that resulted in these added responsibilities, they were keen to assess the possible implication on their future compensation and benefits.
On task dynamics, workers stated that they were tempted to provide automatic responses to questions without inspecting the signs when they first received the notifications. Two workers indicated that they thought such an action might have been considered as cheating and they were afraid such an action cause an uneasy situation with their supervisors. Overall, they reported their experience with the wearable application was satisfactory and highlighted the efficacy of just-in-time notifications. One particular comment form P02 was:
"There is a big moment for these things for deliveries that need a signature. Especially in tall buildings, I have to wait before the owner of the flat comes downstairs to sign for the delivery. So I can answer a question easily... "
On engagement, multiple workers (n = 6) suggested that a light load of secondary tasks is essential since they want to finish their rounds as soon as possible. If completing a task requires a long detour, they are more likely not to worry about the quality of the answer. They also mentioned that if they receive a large number of notifications, they will ignore them unless the consequence impacts their job performance.
However, one interesting observation emerged through these interviews, if these tasks are offered at the right time (e.g., while they are waiting, or coming back to their car, etc.) over times these tasks turn into habitual routines. Several workers (n = 7) affirmed that over the lifetime of the pilot, these tasks already turned into a habit for them along their rounds. One remark from P09 captured this articulately.
"Once you get used to it, it's actually quite easy. I feel the watch vibrating, I look at the screen and answer the question. It's easy and doesn't consume a lot of time... " To summarise, we have observed willingness across all the workers for participation, and they were sincere concerning the quality of the tasks. However, the volume and frequency of tasks are critical for their active engagement. In the next section, we further reflect on the implications of these and the rest of our findings.
DISCUSSIONS
In the previous section, we carefully assessed the efficacy of our crowd-sourcing solution for a mobile workforce uncovering a set of quantitative and qualitative observations that collectively, we consider, will inform the design of similar systems in related situations. In this section, we further offer a reflection on a variety of aspects concerning such solutions.
Participation Dynamics
We started this research with a premise that a mobile workforce due to the nature of their spatiotemporal activity routines offers plausible opportunities for crowd-sourcing tasks and in particular those that require human perception, and experiential knowledge. While through our multi-staged study we found this premise to be valid, we also learned that this validation comes at the expense of some conditions.
As described in section 3, the decision of engaging mobile workforce for such activities is driven by senior management of Belgian Postal Network as a pilot towards identifying a new business opportunity. We have learned that this decision was not an effect of bottom-up and inclusive discussions. This decision naturally has implications on how the actual workers embraced these additional responsibilities. As mentioned in section 3, the selection of postal workers for all 3 stages, i.e., the initial contextual study, deployment study and the final interviews were done by the bpost management based on the geographical region of interest and with willingness from the postal workers. This created some confusions among the workers concerning their changing job description, and more importantly, the key performance indicator (KPI) of their work. While we have observed positive intention from all of the workers at all stages to participate in the pilot as they recognize the organizational challenges and acknowledge the necessity of their participation, this also meant they need to adapt their daily routine and learn new skills. Through our analysis, we discovered that workers are sincere about these new responsibilities, and would like to participate in their best capacity. However, they lacked meaningful context, and purposeful explanation from the management, and structured training. These observations call attention to both organization management, and solution providers to have inclusive discussions, informed communications and purposeful training for mobile workers so that their participation becomes a strategic extension of their job responsibilities.
Engagement and Incentives
A related discussion point is engagement sustainability and the role of incentives. Existing literature has taught us that purposeful task assignment with some form of rewards and awareness of a variety of contextual attributes can increase users' motivation for more extended engagement [1, 18, 21, 33, 39, 45] . Although related, and in principle, we have applied many lessons reported in these works, our target population is different and as such the dynamics of engagement and incentives needs a slightly different perspective. Perhaps, the work of Bakewell et al. [3] deserves attention in this context, as their study demonstrated that workers feel anxious concerning their performance on these tasks that are beyond their primary activities. In our study, we did not observe any anxiety as such concerning quality. However, we found consistently that workers would like to complete these tasks fast, and preferred the total number of tasks to be reasonably small. In principle, these tasks were completed at the expense of their "free time". Besides, while not explicitly mentioned, we observed from their inquisitive discussions to understand the possibility of receiving benefits for such participation and maintaining them over time as these tasks were beyond their primary job descriptions. Our conversation with the management tells us that they do not have any intention to introduce any incentives for these tasks as it would require a longer process of compensation review. At the same time, during this pilot, they did not want to modify their job description. There are two takeaways here. Firstly, it is clear that sustained quality participation can only be guaranteed if an incentive mechanism is introduced through a formal review of the compensation structure of the mobile workers, and secondly, if incentives are not offered, alternatively, the job description needs to be adjusted to accommodate these tasks. We hope our study provides data-driven insights and advocate these strategies to be integrated for scaling crowd-sourcing to a mobile workforce.
Trust Dynamics
We reported that postal workers due to the nature of their job develop social relationships with citizens. The significance of this relationship has several implications. On one hand, such a relationship can be leveraged to acquire local and subjective information with certainties, which may not be accessible with other means. For example, in our particular case, postal workers can act as a truthful qualifier of a neighbourhood's perception of safety (which was a big issue during the lifetime of this work due to the socio-political situation in Belgium concerning terrorism). Local citizens can openly converse and share their feelings and concerns with the postal officer because of their long-term relationship. On the other hand, the same relationship dynamics means that specific categories of questions, e.g., the presence of a solar panel (tax implications) or missing notice of household constructions (penalty implications) cannot be pushed to postal workers as it will damage their relationship. Besides, as we have observed, such questions with elements of social stigma act as a strong proponent of resentment from postal workers. Essentially, these observations call the attention of solution providers in 1) acknowledging this trust relationship and 2) designing questions carefully suitable for these workers, and 3) applying other means and multi-modal sensing modalities as necessary instead of mobile workers for a matter that may compromise their relationship with the citizens.
Privacy and Ethical Constraints
We want to draw attention to another sensitive aspect of a solution like ours concerning practical constraints. The study was conducted before the General Data Protection Regulation (GDPR) was applied across Europe. As such, we did not accommodate the principles recommended in this regulation. However, given the nature of data that such a solution can accumulate, it is essential to scrutinize the collection, storage and usage of information acquired using such a solution through a GDPR lens. We consider this as one of the avenues of our future work.
However, we would like to report on relevant issues that we have faced during the study. One of our sensing modality was audio -which was considered severely privacy invasive and not ethical both for the mobile workers and their customers. While we were allowed to run the study given the pilot nature of it and the fact that we only sampled audio signals while a user is in an interruptible zone, we have identified that continuous audio sensing is not a plausible design choice. This issue demands modification of our current interruptibility management component, and in principle, we need to consider the replacement of conversational context or introduce a careful sampling strategy for audio signals. We strive to address this issue in our future work.
Limitations
This study was conducted in Belgium. Certainly, the results presented here must be interpreted in the context of the culture and infrastructure in which they were collected. We expect our results are most appropriate for designers of crowd-sourcing technology for mobile workers in Europe or countries with similar cultures and levels of technology adoption.
Next, our engagement with actual postal workers was limited. Six postal workers were part of our contextual study, and ten postal workers took part in our final deployment trial for two weeks and in the followup subjective interviews as we were not able to equip a large number of bpost drivers with smartwatches. We sincerely acknowledge that the size of our user group and the scale of our data is limited. Hence, the results reported here should not be considered as general, instead interpreted in the context of the study setup. Running inthe-wild study with postal workers during their real activities was significantly challenging, our methods as such were re-purposed to fit the logistic constraints, e.g., applying simulations to assess route augmentation mechanism or running system assessment in an extremely controlled setting with very simple signage evaluation task. As such, further validation studies with real data in a variety of situations are necessary to assess and widely apply the implications of our route augmentation and interruptibility management mechanisms. We sincerely acknowledge these limitations and however, we hope that our faithful observations and data-driven insights uncovered interesting implications as reported here, and inform the design and development of future crowd-sourcing solutions for mobile workforces.
CONCLUSION
Traditional approaches to mobile crowdsourcing provide incentives to regular citizens to encourage them to collect data, often incorporating various intelligent strategies to motivate, and sustain their participation. Although interesting, conventional solutions with such pool of citizens suffer from three shortcomings -lack of spatiotemporal coverage, accuracy, and sustained engagement.
In contrast, in this paper, we propose to embed crowdsourcing tasks to the daily routine of a mobile workforce such as postal workers who roam around urban and rural areas across an entire country to deliver letters, packages and parcels.
We first study the mobility of such a mobile workforce, postal workers from Belgium Postal Services bpost, both qualitatively and quantitatively to understand the feasibility of using them for crowd-sourcing tasks. Using a dataset provided by bpost that includes geo-tagged delivery information of packages, we show that postal workers have wide coverage in an urban area. In a qualitative behavioural study, we show that the primary of tasks of postal workers, i.e. delivering letters and parcels, do not prevent them from engaging with mobile devices, however, introduce situational disadvantages that might delay such engagements.
Based on our observations, we developed a first-of-its-kind wearable crowd-sourcing system built on two fundamental techniques -route augmentation, and on-wearable interruptibility management. These mechanisms, collectively, improve the spatial coverage and increase the accurate response rate of crowdsourcing tasks, assessed through a real-world deployment study with ten postal workers for two weeks. We also offer a reflection drawing upon a set of practical aspects critical to the success of such crowd-sourcing solutions for a mobile workforce. We expect, our findings highlight the way of building an efficient and purposeful crowdsourcing solution with an aim to transform the role of a mobile workforce into an intelligent human-sensor network to make significant leaps in our understanding of cities and their citizens.
